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a  b  s  t  r  a  c  t
The  widespread  use  of copper  in  treated  lumber  may  result  in a potential  for human  exposure.  Due  to a
lack of information  concerning  the release  of  copper  from  treated  wood  particles  following  oral  ingestion,
the  in vitro  bioaccessibility  of  copper  from  copper-treated  wood  dust  in synthetic  stomach  ﬂuid (SSF)  and
DI  water was  investigated.  Copper-containing  particles  ranging  in  size  from  nano-scale  to micron-scale
were  observed  by transmission  electron  microscopy  (TEM)  in thin  sections  of these  micronized  copper-
treated  wood  products.  Three  copper-treated  wood  products  (liquid  alkali  copper  quaternary  and  two
micronized  copper  quarternary  products)  from  different  manufacturers  were  incubated  in the  extraction
media.  The  released  copper  was  then  fractionated  by centrifugation  and  ﬁltration  through  0.45  m  and
10  kDa ﬁlters,  respectively.  Soluble  copper  released  into  isolated  fractions  was  measured  using Induc-
tively  Coupled  Plasma-Optical  Emission  Spectrometry  (ICP-OES).  Total  copper  from  each  wood  productuman exposure was also determined  using  microwave-assisted  acid digestion  of  dried  wood  samples  and  ICP-OES.  The
bioaccessible  copper  released  into  SSF  was  between  83  and  90%  for all wood  types.  However,  the  percent
of  copper  released  in  DI  water  was  between  14 and 25%  for all  wood  products.  These  data  suggest  that
copper  is highly  bioaccessible  at the  low  pH  values  present  in  the  stomach  and  may  pose a  potential
exposure  risk  upon  ingestion.
Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://
creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
Copper is an essential element that is naturally found in organ-
sms and the environment; however, excessive copper is known
o be biocidal. Since the 18th century, copper-based preservatives
ere often used to protect against fungi, bacteria, insects, algae, and
old. Copper has also been widely used as a wood preservative for
 variety of products including utility poles, fence posts, buildings,
ecks, and furniture (Janin et al., 2011). Chromated copper arsen-
te (CCA), which is formulated from copper oxide, chromium and
rsenate, was the predominant wood preservative used in the USA
or over 30 years (Clausen, 2003). The toxicological concerns over
hromium and arsenate use in residential wood products led to the
estricted use of CCA in 2003 and the development and widespread
∗ Corresponding author at: U.S. Environmental Protection Agency, 109 TW Alexan-
er Dr., RTP, NC 27711, USA.
E-mail address: rogers.kim@epa.gov (K.R. Rogers).
ttp://dx.doi.org/10.1016/j.enmm.2015.07.003
215-1532/Published by Elsevier B.V. This is an open access article under the CC BY-NC-Nuse of ammoniacal and amine copper-based formulations (USEPA,
2003) such as liquid alkali copper quarternary (LACQ) and aque-
ous copper alkaline (ACA) referred to as an alkali copper (AC)
class of compounds. The new formulations; however, showed dis-
advantages in that the LACQ preservatives had high corrosion
potential and high leachability rates due to the use of water-soluble
Cu compounds (Freeman and McIntyre, 2008). As an alternative,
micronized copper quarternary (MCQ) formulations were intro-
duced to the wood market.
MCQ  preservatives consist of water-insoluble Cu particles
ground to a range of 0.001–25 m prior to being injected into
wood under pressure (Dhyani and Kamdem, 2012; Freeman and
McIntyre, 2008). These formulations commonly use copper carbon-
ate due to its low solubility in water (Ksp = 10−33 for malachite);
and, copper carbonate-treated wood has also been shown to be
less corrosive and more leach-resistant than its soluble copper-
based counterpart (Xue et al., 2013). Despite MCQ’s  advantages,
there is a lack of conclusive evidence as to whether MCQ  preser-
vatives are more or less efﬁcacious compared to alkali copper (AC)
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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reservatives (Barnes et al., 2008; Freeman and McIntyre, 2008;
reston et al., 2008). In addition, there is public concern about the
ossible human health and environmental effects originating from
he use of particles with a size less than 100 nm,  also known as
anoparticles (Hansen, 2010). This concern stems from evidence
hat suggests that nanoparticles have a higher surface area and
hus higher surface reactivity than micro-particles. Another con-
ern for exposure to copper-containing nano-scale particles is their
ncreased rate of dissolution due to their increased surface area
articularly in low pH environments such as the stomach. The
nited States Environmental Protection Agency (USEPA) has estab-
ished that the acceptable drinking water standard for Cu is 1.3 ppm
mg/L) (ATSDR, 2013). The Food and Nutrition Board of the Insti-
ute of Medicine has developed recommended dietary allowances
RDAs) by individual age of: 340 g Cu/day (1–3 years), 440 g
u/day (4–8 years), 700 g Cu/day (9–13 years), 890 g Cu/day
14–18 years), and 900 g Cu/day (adults) (ATSDR, 2013). The
otential release of copper carbonate-containing wood particles
rom MCQ-treated wood during sawing, sanding, machining, clean-
ng, and normal wear and tear could make the particles available
or human inhalation and oral ingestion. Gastrointestinal exposure
o Cu at sufﬁcient concentrations can result in nausea, vomiting,
nd/or abdominal pain at a threshold concentration of 4–6 ppm
ATSDR, 2013). Pizarro et al. (1999) report acute gastrointesti-
al effects at 3–5 ppm. In addition, copper carbonate, if ingested,
an cause such symptoms as metallic taste, nausea, vomiting,
iarrhea, headache, sweating and shock (Bremner, 1998; Laporte-
aumure et al., 2011). Mild gastrointestinal effects have also been
bserved in workers who swallowed airborne Cu dust (ATSDR,
013).
The determination of exposure through the GI route requires
n estimate or measurement of the bioavailability, deﬁned as
the fraction of an ingested dose that crosses the gastrointestinal
pithelium and becomes available for distribution to internal tar-
et tissues and organs” (USEPA, 2007). For particulate materials
uch as micronized copper carbonate, the concept of bioaccessibil-
ty or the “physiological solubility” of a toxic metal at the portal
f entry into the body (NRC, 2003) becomes an important fac-
or. In the case of the wood dust used for this study, the greatest
ncertainty for bioaccessibility of the copper carbonate particles is
hether they are dissolved, dislodged or remain bound to wood
ragments. The bioaccessibility would be determined by the leach-
ng of Cu-containing nano-scale particles, the released Cu ion or
oth. Consequently, the greatest issues of uncertainty for the deter-
ination of potential exposure to Cu from treated lumber would
nclude the size and number of particles and amount of Cu ion
eleased from ingestible wood fragments in the low pH stomach
nvironment.
There is a dearth of evidence on the dissolution and bioac-
essibility of Cu from micronized copper carbonate-treated wood
nd only a few studies that report the Cu ion released from CuO
anoparticles in GI systems. In a study conducted by Cho et al.
2012), copper oxide nanoparticles were found to quickly dissolve
n artiﬁcial lysosomal ﬂuid (pH 5.5); however, the Cu particles
emained insoluble in artiﬁcial interstitial ﬂuid (pH 7.4). Midander
t al. (2007) reported similar ﬁndings in a study in which Cu
anoparticles, copper (II) oxide nanoparticles, and artiﬁcial Cu
atina were exposed to artiﬁcial lysosomal ﬂuid (pH 4.5), artiﬁ-
ial sweat (pH 6.5), and Gamble’s solution (i.e by artiﬁcial sweat
nd Gamble’s solution. The authors concluded that Cu solubility
ncreased as the solution-dependent pH decreased. Lei et al. (2008)
ound that Cu nanoparticles suspended in artiﬁcial gastric ﬂuid
pH 2) began to dissolve within 5 mins of exposure and dissolu-
ion continued to increase over the next 2 h. In all of these studies,
u particle dissolution was enhanced in solutions with pH below
.0. In this study, we report the relative amounts and forms (ioniclogy, Monitoring & Management 4 (2015) 85–92
or particulate) of Cu released from wood dust from various treated
lumber sources into a simulated gastric environment.
2. Materials and methods
2.1. Exposure setup
Prior to the study, all vessels and glassware were acid washed
in 20% nitric acid for a minimum of 24 h and rinsed three times
with deionized water (DI, 18 M × cm,  ASTM Type I trace element
quality, Millipore, Bedford, MA). All solutions were prepared using
DI water. Synthetic stomach ﬂuid (SSF) was  prepared as previously
described (Bradham et al., 2011) using 0.42 M HCl (32–35% analyt-
ical grade) and 0.40 M glycine (certiﬁed ACS grade) obtained from
Fisher Scientiﬁc, Inc. (Pittsburgh, PA) and DI water with a pH of 1.5
to mimic  the high acidity environment in the stomach. Wood dust
samples were prepared from four different commercially-produced
lumber materials (two micronized copper-treated [MCQ], one liq-
uid copper-treated [LACQ], and one untreated). A rotary disk sander
with 220 grit quartz-based sand paper (average 53 m)  was used
to sand the face surface of 2 × 6 × 8 ft. boards generating saw
dust ranging in size from 1 to 183 m with an average particle
size of 55 ± 12 m and a speciﬁc surface area between 1.03 and
1.15 m2 g−1. Due to the circular motion of the sandpaper, both
with-grain and cross-grain, particles representative of both sanding
types were released. Approximately, 0.3 g of MCQ-1, MCQ-2, LACQ,
or untreated wood dust was  weighed into a 50 ml  glass beaker fol-
lowed by the addition of 30 ml  of SSF or DI water. The solution was
stirred constantly with a magnetic stir bar for 1 h at room tem-
perature. After 1 h, the solution was centrifuged in 50 ml  Nalgene
polypropylene co-polymer centrifuge tubes (Nalge Nunc Interna-
tional, Rochester, NY) at 7500 × g for 5 min. The supernatant was
decanted and the remaining pellets were dried in glass beakers at
70 ◦C for 48 h prior to microwave extraction. A 5 ml  aliquot was
collected from the supernatant and designated as the released frac-
tion (soluble, colloidal and particulate). A separate 10 ml aliquot of
the supernatant was  ﬁltered through a Whatman cellulose acetate
syringe ﬁlter with a pore size of 0.45 m (GE Healthcare Bio-
sciences, Piscataway, NJ) and 5 ml  of the ﬁltrate was collected and
designated as the 0.45 m ﬁltrate. The remaining supernatant was
transferred to a 10 kDa centrifuge ﬁlter unit (Amicon Ultra-15, 10 K,
Millipore, Bedford, MA)  and centrifuged at 5000 × g for 10 min. An
aliquot of 5 ml  of the ﬁltrate was collected and designated as the
10 kDa ﬁltrate. The three collected fractions were acidiﬁed in 2%
nitric acid (67–70% OptimaTM, Fisher Scientiﬁc, Inc., Pittsburgh, PA)
and stored at 4 ◦C until further ICP-OES analysis (Fig. 1). Matrix
and matrix spiked with 50 ppm (parts per million) of Cu standard
(1000 ppm) were included in this assay. To achieve 50 ppm matrix
spiked samples, 1.5 ml  of 1000 ppm Cu standard solution was added
to 28.5 ml  of SSF or DI water. Prior to ICP-OES analysis, all sam-
ples (excluding untreated wood and matrix-only samples) were
diluted 10 fold using DI water. Untreated wood and matrix only
samples were excluded from dilution due to projected low or non-
quantiﬁable levels of Cu in in these samples. All extractions were
performed in triplicate.
2.2. Microwave assisted extraction
The digestion of all pellets collected after exposure to SSF and
whole (i.e. non-size fractionated) wood dust samples were carried
out using MARS-5 microwave system (CEM Corporation, Matthews,
NC). The samples were transferred to Teﬂon digestion vessels
containing 10 ml  of concentrated nitric acid (67–70% OptimaTM,
Fisher Scientiﬁc, Inc., Pittsburgh, PA) and allowed to pre-digest
for 15 min  under a fume hood. Next, the vessels were properly
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ealed prior to sample digestion according to USEPA Method 3051A
nd the heating program used by CEM for ground wood pulp
igestion. All samples underwent microwave-assisted digestion
or 15 min  at an operating temperature of 200 ◦C at 400 W with
 maximum pressure of 800 psi concluding with a 5 min  cool-
ng period in the oven. The samples were allowed to cool for an
dditional hour in the fume hood. Next, the samples were diluted
o 20% nitric acid concentration and further diluted to 2% nitric
cid concentration prior to analysis by ICP-OES. For each diges-
ion set, reagent blanks, 50 ppm Cu-spiked reagent blanks and
0 ppm Cu-spiked wood products were also prepared and analyzed.
his treatment resulted in a total digestion of the wood matrix.
ll extractions were performed with a minimum of three repli-
ates.
.3. Instrumental analysis
The analysis of the samples was performed according to USEPA
ethod 200.7 using an iCAP 6000 series ICP-OES instrument
Thermo Scientiﬁc, Waltham, MA,  USA) to quantify Cu (spectral line
24.7 nm). Commercially available certiﬁed reference standards
VHG Labs, Manchester, NH) were used for analysis. Scandium
spectral line 335.5 nm)  was used as an internal standard. The
perating conditions for ICP-OES were: pump rate of 50 rpm, RF
ower of 1150 W,  coolant gas ﬂow of 13 L/min, auxiliary gas ﬂow
f 1.3 L/min, and nebulizer gas ﬂow of 0.5 L/min. All measurements
ere repeated three times at a sample ﬂush time of 45 s with
n exposure time of 15 s (low wavelength) and 10 s (high wave-
ength). Spectra were recorded in a second to minute time frame.
he method detection limit for Cu was 0.5 ppb, and a linear dynamic
ange of 0.01–10 ppm was veriﬁed based on successful recoveries ofin wood products exposed to DI water or SSF.
low and high level calibration veriﬁcation solutions. The total metal
and ionic fractions that were released were expressed as percent-
ages and are equivalent to the percent in vitro bioaccessible (IVBA)
which can be calculated using the equation:
%IV BA=
in vitro extractable mg  cu/kg wood
Total mg  cu/kg wood
× 100% (1)
In this study, the measured Cu concentration (mg/L) was  multi-
plied by the sample solution volumes (L), followed by dividing the
mass (mg) of Cu per kg of wood in the sample by the expected mass
(mg) of total Cu per kg of original dried wood dust.
XANES were collected at the Materials Research Collaborative
Access Team (MRCAT) beamline 10-ID, Sector 10 located at the
Advanced Photon Source (APS), Argonne National Laboratory (ANL),
Argonne, IL. The electron storage ring was operating at 7 GeV in top-
up mode. A liquid N2 cooled double crystal Si(1 1 1) monochromator
was used to select incident photon energies and a platinum-coated
mirror was used for harmonic rejection. Powdered samples and
standards were pressed into pellets and three XANES scans were
collected for each sample in transmission and ﬂuorescence mode
using a 13 elements Ge detector. Principal component analysis
(PCA) of the normalised sample spectra was used to estimate the
likely number of species contained in the samples, whilst target
transformation (TT) was used to identify relevant standards for lin-
ear combination ﬁtting (LCF) of the sample spectra (ER, 1991). For
each sample, the combination of standards with the lowest resid-
ual parameter was chosen as the most likely set of components.
It should be noted that any species included in the ﬁtting solution
representing values less than 10% of the total should be considered
with caution as such low representation is at the very limit of the
resolution capability of XANES.
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lower  panel).
.4. Statistical analysis
Statistical signiﬁcance was determined using the Student’s t-
est in Microsoft Excel with signiﬁcance levels at 0.05 or lower.
.5. Sample preparation and TEM/EDS analysis
To verify the presence of Cu nanoparticles in dry whole wood
amples, the wood blocks were cut into matchstick-sized fragments
sing a razor blade. The fragments were dehydrated by placing
hem in an increasing concentration of acetone solution (10%, 20%,
0%, 80%, and 100%) for 5 min  at each exchange. The dehydration
rocedure was repeated three times and the wood samples were
ransferred to a rotator. The Epon-Araldite epoxy used to embed
he wood samples consisted of 20.9 g nadic methyl anhydride resind elemental composition by EDS analysis representative of the observed particles
hardener (NMA) and 24.8 g Eponate 12 of which 8 g batches were
mixed with 0.3 ml  batches of benzyl di-methy amine epoxy cure
accelerator (BDMA). One drop of resin was  added to 1 ml  of dehy-
drant every 5 mins until the mixture was  approximately 25% resin.
After 1 h, 75% of the dehydrant was  removed and resin was  added
until the solution was 75% resin. The mixture remained in the rota-
tor uncapped for 12 h. The solutions were replaced with fresh 100%
resin every 8 h for the next 24 h. Next, the samples were embed-
ded in fresh resin and cured for 18 h at 60 ◦C. A microtome (Leica
UC7Cryo Ultramicrotome) with a diamond knife at room temper-
ature and a maximum cutting speed of 1 mm/s  was  used to slice
100–120 nm thick sections. Sliced embedded wood sections were
analyzed at North Carolina State University (Raleigh, NC) using a
FEI Titan 80–300 probe aberration corrected scanning Transmis-
sion Electron Microscope (TEM) with a monochromator operating
technology, Monitoring & Management 4 (2015) 85–92 89
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Table 1
Total Cu concentration in each wood dust product.
Wood type Total Cu concentration (mg/kg)
Untreated 2.9 ± 0.6
LACQ 3645 ± 39L. Santiago-Rodríguez et al. / Environmental Nano
t 200 kV. Bruker 4 SDD Energy Dispersive Spectroscopy (EDS) was
lso used to perform elemental mapping of Cu. TEM images of cop-
er carbonate particles and MCQ-treated wood were acquired at
SEPA (Las Vegas, NV) using a 300 kV FEI Tecnai F30 G2 TEM with a
k × 2k pixels ORIOUS SC200D CCD camera, manufactured by Gatan
nc. (Pleasonton, CA). Imaged structures were analyzed by EDS for
lemental composition using an EDAX detector. Copper carbonate
articles in the nano-to-micron size range were a gift from Philip
vans (Evans et al., 2008). They were placed on formvar-coated TEM
rids and imaged using the FEI instrument.
The hydrodynamic diameter (HDD) values for the suspension
f copper carbonate particles were measured using a nanoparti-
le tracking analysis (NTA), NS500 series instrument (Nanosight,
mesbury, UK).
. Results and discussion
.1. Particle characterization by TEM, XANES and NTA
Copper carbonate particles in the size range from 1 nm to 25 m
ere obtained as a gift from Dr. Phillip Evans (Evans et al., 2008).
ig. S1 (upper panel) shows a representative micrograph of these
articles. The lower panel shows the presence of Cu by EDS analysis.
ig. S2 shows a particle size analysis using nanoparticle track-
ng analysis (NTA). The average hydrodynamic diameter reported
y this technique was 195 nm.  The difference in size between
he TEM observations and NTA analysis for the ball-mill prepared
articles obtained from Dr. Evans was likely due to the irregular
non-spherical) shape and settling of the larger particles in the
easurement cell.
Cu-containing particles in the MCQ-1 and MCQ-2 samples
ere observed by TEM imaging and energy dispersive X-ray
pectroscopy (EDS) mapping. Fig. 2 (upper left panel) shows a rep-
esentative image of the particles observed throughout the MCQ-1
amples. The X-ray micrograph of the area analyzed by EDS shows
he characteristic peaks of Cu for the K and L electron shell at 8.04
nd 0.94 keV, respectively. Similar to MCQ-1, for the MCQ-2 sam-
le, copper-containing particles in the micron to nano-scale range
ere also observed (Fig. 3, upper left panel). A higher magniﬁcation
mage is shown in the upper right panel. EDS analysis also showed
he presence of Cu in the MCQ-2 particles (Fig. 3, lower left and right
anels). TEM images of untreated wood were obtained; however,
o particles were observed during the analysis of the images (not
hown). These results indicate the presence of Cu-containing par-
icles in the MCQ-1 and MCQ-2 samples that are in the nano-scale
o micron size range. These results are similar to those reported
y Matsunaga et al. (2009) who observed Cu-containing particles
anging from 50 to 700 nm in treated lumber.
The speciation of copper in the pressure treated samples was
urther investigated by linear combination ﬁtting (LCF) of the nor-
alized ﬁrst derivative of the XANES spectra. The XANES spectra of
he three samples were compared with a variety of reference cop-
er spectra to identify copper species with similar spectral features
Fig. S3). Reference spectra evaluated included: copper carbonate
Cu2CO3(OH)2), Cu complexed with acetate and oxalate used as
nalogues for organic copper, copper oxide (Cu2O and CuO), and
opper phosphate (Cu5(PO4)2(OH)4) (spectra for copper oxides and
opper phosphate are not shown). Copper carbonate and organic
opper resembling copper complexed with acetate (AcO) or oxalate
ere identiﬁed as the three compounds with the greatest similar-
ties to the samples.
Results from the LCF analysis indicated the presence of both
opper carbonate and organic copper in each of the treated wood
amples; however, the LACQ showed only 10% copper carbon-
te while the MCQ-1 and MCQ-2 samples showed 42% and 88%MCQ-1 1880 ± 25
MCQ-2 1590 ± 42
respectively. The Cu speciation results along with the TEM images
from the wood samples as well as the ball-milled nanoparticles
indicate the presence of Nanoscale copper carbonate particles in
the MCQ-1 and MCQ-2 treated wood samples.
3.2. Total Cu content of untreated, LACQ, MCQ-1 and MCQ-2
wood dust products
One objective of this study was to determine the in vitro bioac-
cessible (IVBA) percent of Cu released under simulated normal
fasting conditions in the stomach for three different copper-treated
wood products (LACQ, MCQ-1, MCQ-2) and an untreated control.
The total Cu content of each wood sample was determined by per-
forming microwave-assisted acid digestion followed by ICP-OES
analysis (Table 1). The highest concentrations of Cu were found
in LACQ (3645 ± 39 mg/kg) followed by MCQ-1 (1880 ± 25 mg/kg)
and MCQ-2 (1590 ± 42 mg/kg). Untreated wood contained a sig-
niﬁcantly lower amount of Cu (2.9 ± 0.6 mg/kg) when compared
with all three treated-wood samples. These values were similar to
those previously reported for Cu-treated lumber (LACQ and MCQ)
(Dhyani and Kamdem, 2012). The values for total extracted Cu were
also used to determine the relative percentages of bioavailable Cu
released into SSF or DI water and present in each of the ﬁltrate
samples.
3.3. Cu leaching from untreated, LACQ, MCQ-1 and MCQ-2 wood
dust products in DI water
Values for the amount of Cu that leaches out of the untreated
and each of the three different copper-treated wood dust products
(LACQ, MCQ-1 and MCQ-2) after exposure to DI water for 1 h are
shown in Fig. 4. Cu released in DI water during the ﬁrst phase of
extraction (i.e. supernatant from initial centrifugation) is reported
as a concentration or as a percentage of the total copper mea-
sured by microwave extraction followed by ICP-OES. Values for
Cu were as follows: 0.49 ± 0.09 (17 ± 3 %), 902 ± 12 (24.8 ± 0.3%),
258 ± 94 (14 ± 5%) and 295 ± 18 (19 ± 1%) mg/kg for the untreated,
LACQ, MCQ-1 and MCQ-2 samples, respectively. The concentrations
of Cu retained in the pellet, were 2.6 ± 0.2 (89 ± 8 %),1872 ± 111
(51 ± 3%), 1131 ± 35 (60 ± 2%) and 961 ± 56 (60 ± 4%) mg/kg for
the untreated, LACQ, MCQ-1 and MCQ-2 samples, respectively.
Each copper-treated wood dust product released 14–25% of the
total extractable Cu. Although leaching protocols were somewhat
different, the relative percentages of Cu released from LACQ and
MCQ-1 into DI water were similar to those reported by Dhyani
and Kamdem (2012) for dust from ACQ and MCQ  lumber. A second
phase of extraction was  performed to determine the size distribu-
tion of the particulate Cu released into DI water. In this phase, the
released (supernatant) solution obtained during the ﬁrst extrac-
tion phase was passed through ﬁlters with pore sizes of 0.45 m or
10 kDa, Fig. 4b and c, respectively.
For untreated wood dust samples ﬁltered through 0.45 m
and 10 kDa ﬁlters, the measured concentrations of Cu in
the ﬁltrate were 0.6 ± 0.1 mg/kg (20 ± 5%) and 0.4 ± 0.1 mg/kg
(14 ± 3%), respectively. LACQ samples exposed to DI water and
subsequently ﬁltered through 0.45 m and 10 kDa ﬁlters con-
tained 852 ± 14 (23.8 ± 0.8%) and 837 ± 41 mg/kg (23 ± 1%) of Cu,
90 L. Santiago-Rodríguez et al. / Environmental Nanotechnology, Monitoring & Management 4 (2015) 85–92
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espectively. Upon ﬁltration through 0.45 m ﬁlters, MCQ-1 ﬁltrate
ontained 154 ± 4 mg/kg (8.2 ± 0.2%) while MCQ-2 ﬁltrate con-
ained 271 ± 17 mg/kg (17 ± 1%). After ﬁltration through the 10 kDa
lters, the concentration of Cu in the ﬁltrate for MCQ-1 and MCQ-2
ere 164 ± 5 mg/kg (8.7 ± 0.2%) and 257 ± 11 mg/kg (16.1 ± 0.7%).
or each of the types of treated wood (LACQ, MCQ-1, MCQ-2) the
oncentrations for the phase one supernatant and ﬁltrates from
he 0.45 m and 10 kDa ﬁltrations were similar, indicating that
he Cu that was released was soluble and not associated with the
articulate fraction.
.4. Cu leaching from untreated, LACQ, MCQ-1 and MCQ-2 wood
ust products in SSF
Fig. 5a shows the amount of bioaccessible Cu in the untreated
nd the three copper-treated wood dust samples (LACQ, MCQ-1
nd MCQ-2) after exposure to SSF for 1 h. The observed amount
f Cu released from untreated wood dust into the ﬁrst phase
upernatant was 3.0 ± 0.2 mg/kg (102 ± 7 %). The Cu concentration
or the released fraction was similar (p > 0.05) to the concentra-
ions obtained after ﬁltration through 0.45 m (3.2 ± 0.3 mg/kg
111 ± 9%)) or 10 kDa ﬁlters (2.7 ± 0.2 mg/kg (92 ± 6%)) (see Fig. 5b
nd c). The amount of Cu released into SSF from untreated wood
as similar to the total Cu, suggesting that the trace amounts of
u naturally found in wood dust was highly bioaccessible under
ormal fasting conditions in the stomach. By contrast, when the
ntreated samples were exposed to DI water, more than 89% of the
atural trace amounts of Cu were retained in the solid fraction.We  observed that from the total Cu in LACQ (3645 ± 39 mg/kg),
020 ± 88 mg/kg (83 ± 2 %) was released in SSF during the ﬁrst
hase of extraction (Fig. 5a). The amount of Cu retained in the pel-
et was 560 ± 192 mg/kg (15 ± 5 %). The amount of Cu in the ﬁltrate, zoomed image (upper right panel) of the particles observed in the MCQ-2  sample,
.
for LACQ sample exposed to SSF and ﬁltered through 0.45 m and
10 kDa ﬁlters were 3095 ± 20 (84.9 ± 0.5%) and 3027 ± 56 mg/kg
(83 ± 1%), respectively (Fig. 5b and 5c). When compared with each
other and the released amount of Cu during the ﬁrst extraction,
these values are not signiﬁcantly different (p > 0.05); which sug-
gests that, similar to the DI water extracts, the Cu that is released
is in the soluble form.
Fig. 5a shows the concentration of Cu released from MCQ-1
(1880 ± 25 mg/kg) into SSF during the ﬁrst phase of extraction
was 1570 ± 18 mg/kg (84 ± 1%) and the amount of Cu retained in
the solid fraction was  190 ± 58 mg/kg (10 ± 3%). After ﬁltration
through 0.45 m and 10 kDa ﬁlters (Fig. 5b and c), the recovered
amounts of Cu in the ﬁltrate for MCQ-1 were 1668 ± 22 mg/kg
(92 ± 5%) and 1640 ± 10 mg/kg (87.2 ± 0.6%), respectively. For
MCQ-2 (1590 ± 42 mg/kg) the amount of Cu released into SSF was
1430 ± 66 mg/kg (90 ± 4%) (Fig. 5a). As shown in Fig. 5b and c,
most of the Cu released during incubation in SSF passed through
the 0.45 m and 10 kDa ﬁlters indicating that it was in a soluble
form.
Values for the percent bioaccessible Cu released into SSF were
102 ± 7, 83 ± 2, 84 ± 1 and 90 ± 4% for untreated, LACQ, MCQ-1 and
MCQ-2, respectively (see Fig. 5a). These values were signiﬁcantly
different compared with the percent of Cu released in DI water
(17 ± 3 (untreated), 24.8 ± 0.3 (LACQ), 14 ± 5 (MCQ-1) and 19 ± 1 %
(MCQ-2)) (see Fig. 4a). This increase in Cu released in SSF in com-
parison with DI water may  be partly attributed to an increase in Cu
solubility at lower pH values found in SSF (Dhyani and Kamdem,
2012; Midander et al., 2007) or a function of glycine acting as
a chelator (Fitts et al., 1999; Phillips et al., 2013). In a previous
study, Dhyani and Kamdem (2012) showed that the amount of
Cu, which could be extracted from non-micronized copper carbon-
ate into DI water, KF and KNO3 was not signiﬁcant (0% extracted)
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Fig. 4. Release of Cu from treated and untreated wood dust into water.
(a)  Total Cu released by microwave extraction, Cu released during incubation in DI
water and present in the supernatant or pellet after centrifugation; (b) percentage
of  Cu released and recovered in the ﬁltrate, after passage through a 0.45 m ﬁlter;
(c)  Percentage of Cu released and recovered in the ﬁltrate (after passage through
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Fig. 5. Release of Cu from treated and untreated wood dust into Synthetic Stom-
ach Fluid (SSF). (a) Total Cu released by microwave extraction, Cu released during
incubation in DI water and present in the supernatant or pellet after centrifugation;
(b) percentage of Cu released and recovered in the ﬁltrate, after passage through 10 kDa ﬁlter) from untreated. Relative percentage values were determined from
he  total Cu extracted from un-fractionated wood dust. The asterisks (***) indicate
tatistically signiﬁcant difference from untreated at p < 0.001.
n comparison with the amount of Cu extracted in solutions with
ower pHs (e.g. 87% for EDTA at pH ∼4.67 and 92% for HNO3 at
H ∼0). They concluded that at lower pHs the solubility of basic
opper carbonate is enhanced, thereby increasing the extractabil-
ty of soluble, ﬁxed, and unﬁxed Cu from wood. However, at higher
Hs, these investigators report that only physically adsorbed and
oluble Cu were extractable in DI water, KNO3, and KF solutions
rom alkaline copper quat, chromated copper arsenic, and copper
zole- treated woods. Based on their ﬁndings, we can also conclude
hat SSF (pH 1.5) enhanced bioaccessibility of soluble, ﬁxed and
nﬁxed Cu from LACQ, MCQ-1 and MCQ-2 from treated wood dust.
n contrast to SSF, DI water was limited to extracting soluble and/or
hysically adsorbed Cu thus resulting in lower extracted concen-
rations of Cu. Based on data and from our study, we suggest that
ngestion and subsequent gastric exposure of copper-treated wood
ust ranging in mass from 0.08 to 1.3 mg  can result in the gastric
elease (based on a possible gastric juice volume of 0.1 to 1.5 L) ofa  0.45 m ﬁlter; (c) percentage of Cu released and recovered in the ﬁltrate (after
passage through a 10 kDa ﬁlter) from untreated. Relative percentage values were
determined from the total Cu extracted from un-fractionated wood dust.
copper at concentrations that can equal and possibly exceed the
acceptable drinking water limit for copper as established by the
USEPA (1.3 mg/L)(ATSDR, 2013).
4. Conclusions
The TEM and Cu speciation results indicate the presence of
Nanoscale copper carbonate particles in the MCQ-1 and MCQ-
2 treated wood samples. The microwave-assisted acid digestion
showed that LACQ-treated wood contained the highest concentra-
tions of extracted Cu followed by MCQ-1 and MCQ-2. Untreated
wood contained only trace amounts of Cu when compared to
the copper-treated wood products (p < 0.001). The percentages of
bioaccessible Cu released into SSF from three copper-treated wood
samples (LACQ, MCQ-1 and MCQ-2) ranged from 83 to 90%. By con-
trast, release of Cu into DI water was 14–25 % of the total Cu present
in each wood type. The copper released into both DI water and
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SF passed through both the 0.45 m and 10 kDa ﬁlters, suggesting
hat it was in the ionic rather than particulate form. These results
ndicate that the Cu released into SSF was soluble and presumably
ioaccessible in this simulated GI system.
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